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Materials and Methods 
1. Essential energy services with difficult-to-eliminate emissions (Figure 2) 
In our estimates of current global emissions related to difficult-to-decarbonize energy services, the total 
33.9 Gt CO2 represents global CO2 emissions from fossil fuel combustion in 2014 (32.4 Gt CO2) (8) 
combined with non-energy process emissions from the cement and iron/steel sectors (1.32 and 0.24 Gt 
CO2, respectively) for 2012 (38). More recent data on these industrial process emissions are not available. 
The magnitudes from 2012 are roughly consistent with the energy-related emissions from these sectors 
reported in the data for 2014 (38). 
Aviation, long-distance transport, and shipping. To evaluate the payload capacity of battery-electric 
heavy duty trucks, we assume a payload capacity of a typical class 8 truck of 25 tons (114), and a future 
energy consumption of a battery electric truck equivalent to 10 miles per gallon of diesel fuel, or roughly 
350 kWh per 100 miles (114). If vehicles must travel 700 miles between recharge stops, the mass of 
modern lithium-ion batteries required is 9.4 tons, or 39.3% of the available payload capacity.  Similarly, 
close-packed hexagonal cells would fill 31.2% of the available cargo volume in a typical tractor-trailer. 
Our estimates of long-distance road transport are based on the reported shares of energy used by 
light-duty, medium-duty, and heavy-duty vehicles worldwide as 68%, 23% and 9%, respectively (9). The 
share of trips in the U.S. for each class that exceed 100 miles (160 km) is 1%, 7%, and 25%, respectively 
(7). The latter data are specific to the U.S., but we consider them to be representative of the global 
breakdown. These numbers allow us to calculate the magnitude of road transport emissions reported in (9)  
that are related to long-distance trips. 
Structural materials. In cement production, the chemical conversion of limestone to lime releases 
CO2, and also requires high heat that is routinely provided by burning coal or natural gas. International 
Panel on Climate Change Guidelines separately categorize the former as industrial process and product 
use emissions and the latter as energy emissions (115).  The energy emissions are roughly equal in 
magnitude to the process emissions (38, 43, 57, 116). The global energy emissions from the non-metallic 
minerals sector in 2014 were 1.27 Gt CO2 (8). This sector includes glass and ceramic industries as well as 
cement. Because these emissions are related to consumed electricity and heat, they are not among the 
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more difficult to avoid and are thus included in the “Other industry” emissions in Figure 2A. Reported 
cement process emissions worldwide were 1.32 Gt CO2 in 2012 (38). 
In the case of iron and steel emissions, the use of coke (carbon) to reduce iron oxides in the 
manufacture of steel is necessary to the chemical reactions, but also produces heat that facilitates the 
industrial process. Thus, the emissions attributed to iron and steel production in (8) include a substantial 
share of emissions that cannot be avoided without fundamental changes to steel manufacturing processes. 
Based on (116), we assume that at most 25% of the energy emissions from iron and steel manufacture 
could be avoided by boosting recycling and decarbonizing consumed electricity. Thus, of the 2.0 Gt CO2 
emissions attributed to energy for global iron and steel production in 2014 (8), we estimate 1.5 Gt CO2 
(75%) are difficult-to-avoid process emissions, and 0.5 Gt CO2 are more easily avoided and thus included 
in the “Other industry” emissions in Figure 2A. In addition, we include 0.24 Gt CO2 of non-energy 
process emissions related to iron and steel manufacture (38) in the difficult-to-avoid iron and steel 
emissions. 
Highly reliable electricity. There is no standard approach for estimating the share of emissions from 
primary power sources associated with ensuring a highly reliable supply of electricity. We estimate this 
share using monthly electricity generation data in 2016 from the U.S. Energy Information Administration, 
broken down by the type of generating infrastructure. We first attribute 100% emissions from petroleum-
fired generators and natural gas combustion turbines to the difficult-to-avoid load-following electricity. 
Next we apportion emissions from coal-fired generators and natural gas-fired combined cycle generators 
between baseload and “load-following” modes. For each generator type, we define minimum monthly 
generation as the baseload threshold and categorize all monthly generation in excess of that minimum as 
load-following. Based on this method, 17% of combined cycle emissions and 31% of coal-fired plant 
emissions in 2016 were attributable to load-following, representing a weighted average of 32.7% of 
electricity sector emissions. Assuming that this share is representative of reliable electricity provision 
worldwide, global emissions from electricity generation in 2014 (12.9 Gt CO2) can be divided into 4.0 Gt 
CO2 of load-following supply and 8.9 Gt CO2 of baseload supply. 
 
2. Comparisons of energy sources and technologies (Figure 3) 
The fixed and variable costs of new generation shown in Fig. 3B reflect values published in (113). 
Costs are in 2018 dollars and pertain to new generating assets entering service in 2022. The cost analysis 
of electrolysis hydrogen shown in Figure 3C is based on a techno-economic analysis (29).  
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Use profiles are important in estimating the costs of energy storage (72). The costs shown in Figure 
3D reflect a use case where systems have constant power capacity and supply the same amount of 
discharged electricity in each year for all cycling frequencies shown in the figure. The power capacity is 
chosen to enable discharging over an 8-hour period during daily cycling (requiring lower energy 
capacity), or 121 straight days of discharging with yearly cycling (requiring higher energy capacity). The 
costs shown in Figure 3D might therefore represent a discharging behavior to compensate for daily 
fluctuations or seasonal shortages, rather than more extreme, and possibly less predictable shortages. We 
compute the levelized cost of stored energy (discharged electricity) as the sum of the inflation-adjusted 
capital costs of the system and the efficiency-adjusted costs of fuel for charging, divided by the total 
energy discharged per year. The hydrogen cost of $5/kg H2 reflects current electrolysis costs (29). The 
hydrogen cost of $1.50/kg H2 is an aspirational target for electrolytic hydrogen. 
Power and energy capacity costs for all the technologies except lithium-ion batteries and hydrogen 
come from (117). The reported costs are for an interest rate of 5% and a loan payback period of 20 years. 
For technologies with lower lifetimes, the costs account for replacement to reach a 20-year lifetime (72). 
The charging cost is based on an assumed cost of low-carbon electricity of $35/MWh. 
 For lithium-ion technologies, updated estimates for energy and power capacity costs are based on 
estimates in (72, 118-123). The costs are estimated at $261/kWh and $1,568/kW for a 20-year project 
lifetime. In terms of total costs per unit energy capacity for the daily cycling system, the costs are 
$350/kWh for a 10-year project lifetime (without including replacement costs). The Li-ion cost target 
shown is for a total system cost of $250/kWh for the daily cycling system and a 10-year project lifetime 
(124). In terms of separate energy and power capacity costs, the target estimate is based on costs of 
$131/kWh and $1,568/kW for a 20-year project lifetime. 
All technology costs reported represent rough estimates that are based on a combination of reported 
cost data (top-down) and engineering estimates (bottom-up), due to limitations in available data. Costs in 
Fig. 3D are in 2015 dollars, adjusted from various sources using the GDP deflator.  
 
3. Energy carrier interconversions (Table 1) 
Electrolysis. The primary technology options are alkaline electrolysis, proton-exchange membranes, 
high-temperature solid oxide or molten carbonate fuel cells, and thermochemical water splitting (30, 125). 
The typical electrical efficiency of modern, commercial-scale alkaline units is 50-70% with system costs 
of ~$1.10/W (in 2016 dollars; (125, 126)). Depending on the cost of electricity and utilization rate, such 
systems thus produce hydrogen at a cost of $4.50-7.00/kg H2 (29, 125). In comparison, depending on the 
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heat source hydrogen production from high temperature steam reforming may be produced for as little as 
$1.29/kg H2 (29, 127). For this reason, power-to-gas (P2G) pathways currently have initial capital costs at 
the higher end of various energy storage technologies (128). However, initial capital costs for large-scale 
electrolysis equipment may already be decreasing; NEL ASA announced a sale of 700 MW of 
electrolyzers to H2V in France on June 13, 2017 at approximately $0.552/W (129). 
Fuel cell oxidation (hydrogen). Fuel cell systems have demonstrated electrical efficiencies from 
30% to in excess of 60% (130, 131). The efficiency of fuel cell systems is higher than those achieved by 
heat engines at this same scale. The inclusion of combined cooling, heating and power (CCHP) can 
further increase efficiencies (mixed heat and electrical efficiency) and fuel cell systems can achieve 55-
80% (132) and potentially exceed 90% (133). Costs for CCHP fuel cell systems for large commercial and 
industrial applications range from $4,600/kW - $10,000/kW (132). Generally, systems with larger 
capacities have lower unit costs and also receive more incentives, further reducing costs (134). The 
levelized costs of electricity produced by fuel cells ranges from $0.106/kWh to $0.167/kWh unsubsidized 
and $0.094/kWh to $0.16/kWh with U.S. federal tax subsidies (135, 136). These costs could rise 
considerably if the required fuel was electrolyzed or otherwise renewable hydrogen instead of fossil 
natural gas. Improvements in technology and manufacturing are expected to significantly reduce future 
fuel cell costs (137). 
Methanation. Methanation is generally considered via the Sabatier reaction based on the catalytic 
hydrogenation of carbon dioxide to methane (138, 139). Heat release during the reaction limits the 
maximum achievable efficiency to 83%, although heat capture and utilization could achieve higher 
efficiencies (140). In addition to hydrogen, CO2 must be provided (141). For the produced methane to be 
carbon-neutral, this CO2 must be derived from the atmosphere. The methanation of renewable hydrogen is 
generally considered within the scope of power-to-gas (P2G) pathways (125). Reported costs range from 
$0.07/m3 CH4 to $0.57/m3 CH4 (141-145). In comparison, fossil natural gas sold for ~$0.09/m3 in 2017 
(141). 
Fischer-Tropsch. The efficiency of using high temperature co-electrolysis of CO2 and water using 
solid oxide electrolysis for syngas production and subsequent conversion to liquid fuels via Fischer-
Tropsch (FT) processes has been estimated at 54.8% higher heating values (51.0% lower heating values) 
(146). Liquid fuel production costs ranged from $4.40 to $15.00 per gallon of gasoline-equivalent ($0.036 
to $0.124 per MJ) assuming electricity prices of $0.02/kWh to $0.14/kWh and a plant capacity factors of 
90% to 40%, respectively (146). The levelized cost of FT fuel production in a biorefinery ranges from 
$0.29 to 0.52 per liter (147). 
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Ammonia decomposition (“cracking”). The primary method for decomposing or “cracking” 
ammonia into constituent hydrogen and nitrogen is by high-temperature reactions with rare or transition 
metal catalysts (148, 149), with typical energy efficiency of ~75% and costs of ~$3/kg H2 (150). More 
recently, reaction with sodium amide (NaNH2) has also been suggested as a decomposition process (151). 
Ammonia synthesis and combustion. Synthesis of ammonia is generally accomplished by the Haber-
Bosch process (152). On average, modern industrial ammonia production requires 32 MJ per kg of N 
fixed; ~2% of global primary energy is dedicated to ammonia synthesis (152-154). Historically, the 
source of hydrogen for the Haber-Bosch process is natural gas via steam reforming, and the cost of 
ammonia has thus been tightly coupled to the cost of hydrogen production and in turn the price of natural 
gas (in 2016, between $500-600 per ton of NH3) (154). Because ammonia is rarely used as an energy 
carrier, the conversion efficiency between its production and oxidation is not typically reported. 
Ammonia can be burned in internal combustion engines, though NOx emissions are a concern (155, 156); 
its energy density per unit mass is 18.6 MJ/kg compared to gasoline’s 42.5 MJ/kg (157). 
Steam reforming of methane. Hydrogen production is dominated by high temperature steam 
reformation of fossil natural gas, with efficiencies of ~86% (158) and costs as low as $1.29/kg H2 (29, 
127), but without carbon capture and or direct air capture, this process entails net addition of CO2 to the 
atmosphere. 
Biomass gasification. Hydrogen can also be produced from biomass feedstocks via gasification—
(high-temperature conversion without combustion) (159). An industrial plant based on this process might 
produce hydrogen for between $4.80 and $5.40/kg H2, depending mostly on capital costs (160), with 
energy efficiencies of ~56% (161). 
Hydrogen and hydrocarbon combustion. Reciprocating heat engines range from 27-41%, steam 
turbines from 5-40%, gas turbines from 24-36%, and microturbines from 22-28% (132). Costs of fuels of 
course vary widely. 
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